The mechanical and morphological properties of patellar tendons were in vivo measured during isometric knee extension contractions in ten male subjects using ultrasonography. The subjects were accustomed to various exercise and training. The stiffness, cross-sectional area, and tangent modulus of the patellar tendons were positively correlated with the quadriceps strength. The enhancement of contractile forces induced by exercise and training increases the quadriceps strength. Since the primary role of patellar tendons is the transmission of contractile forces from quadriceps to tibia, the contractile forces are directly applied to the patellar tendons. Therefore, in the subjects with the larger quadriceps strength, the forces applied to the patellar tendons during exercise and training may be larger, and the force enhancement may induce the increases in the stiffness, cross-sectional area, and tangent modulus of the patellar tendons.
Introduction
Effects of load enhancement on the mechanical and morphological properties of tendons and ligaments have extensively been studied by animal experiments of exercise and training (1)- (9) . Some of these studies showed that exercise and training induced the positive effects on the mechanical and/or morphological properties of tendons and ligaments, while others indicated no effects. In humans, the effects of exercise and training on the mechanical and morphological properties of tendons have recently been studied using ultrasonography (10) - (19) . Some studies demonstrated that exercise and training increased the stiffness, cross-sectional area, and/or tangent modulus of tendons. However, other studies reported that exercise and training induced no effects on tendons. These results were contradictory.
It is apparent that the enhancement of contractile forces induced by exercise and training increases quadriceps strength (11) (14) (15)(17)- (19) . The primary role of patellar tendons is the transmission of contractile forces from quadriceps to tibia. Therefore, the contractile forces are directly applied to the patellar tendons. We hypothesized that the forces applied to the patellar tendons during exercise and training were larger in the subjects with the larger quadriceps strength, and the force enhancement induced the positive effects on the mechanical and morphological properties of the patellar tendons. To examine this hypothesis, the mechanical and morphological properties of human patellar tendons were in vivo measured using ultrasonography, and the quadriceps strength was determined at maximum isometric knee extension contractions.
Methods

Subjects
Ten male subjects [age 23.6±0.3 yr (mean±S.E.), height 173.0±2.0 cm, body mass 62.4±3.6 kg] voluntarily participated in this study. The subjects were recreational athletes accustomed to various physical activities.
Protocol
Subjects were seated in a rigid bench with knees positioned at 90 deg of flexion ( Fig.  1) . One end of a strap was connected to the lower leg at the distance L y (= 300 mm) from the tibio-femoral contact point (O), and the other end was connected to a custom-made load cell. An ultrasound probe was attached to the skin above the patellar tendon in the sagittal plane. The subjects performed an isometric knee extension contraction after several preliminary contractions. The knee extension force (F L ) measured by the load cell was recorded on a personal computer. The ultrasound images were recorded on a video recorder. The images were synchronized with the force data using a video timer. 
Measurement of patellar tendon length
Patellar tendon length (L P ) was measured using an ultrasonograph (Nemio10, Toshiba Medical Systems, Tochigi, Japan). The ultrasound probe (5.0 MHz, linear array) was positioned so that the patellar tendon, patella, and tibia were all visible within the viewing field (Fig. 2 ). The patellar tendon length was defined as the distance between the distal end of patella and the tibial tuberosity. The length was manually outlined with the ultrasonograph using an image processing function having the resolution of 0.1mm, and was determined at 5 % intervals of the maximum knee extension force. The length measured at complete relaxation (the knee extension force of 0 N) was defined as initial patellar tendon length (L P0 ).
To assess reproducibility, the measurements of patellar tendon length were performed on two separate days in a sub-sample of subjects. Measurements taken on separate days by 
Measurement of patellar tendon moment arm length
Patellar tendon moment arm length (L x ) was measured using an ultrasound probe (4.2 MHz, convex array) at the knee flexion angle of 90 deg. The probe was positioned so that the tibio-femoral contact point (O) and the patellar tendon were visible within the viewing field. The patellar tendon moment arm length was defined as the perpendicular distance from the contact point O to the midpoint of the patellar tendon.
Calculation of patellar tendon force
Patellar tendon force (F P ) was calculated from the moment equilibrium equation around the knee joint ( Fig. 1 ), as given by F P = F L ×(L y / L x ).
Measurement of patellar tendon cross-sectional area
Patellar tendon cross-sectional area was measured using an ultrasound probe (12.0 MHz, linear array) at the proximal, middle, and distal regions. The ultrasound probe was positioned so that the cross-section of the patellar tendon was visible within the viewing field ( Fig. 3) . The cross-section was manually outlined, and the cross-sectional area was determined with the ultrasonograph using the image processing function. The reproducibility data measured by the method described in §2.3 showed that the typical error was 3.2 %. The average of cross-sectional areas at the three regions was calculated as the representative of patellar tendon cross-sectional area (A P ). 
Calculation of mechanical properties
Load-deformation curve was obtained from the patellar tendon force and the change of the patellar tendon length. Stress (σ P ) was calculated by dividing the patellar tendon force by the patellar tendon cross-sectional area. Strain (ε P ) was determined from dividing the Patella Tibia Distal end of patella Tibial tuberosity Patellar tendon deformation by the initial patellar tendon length. From these data, stress-strain curve was obtained. The load-deformation and stress-strain curves were fitted to a second order polynomial fit. Patellar tendon stiffness (S P ) and tangent modulus (E P ) were defined as the slope of the linear portion of the load-deformation and stress-strain curves, respectively.
Measurement of quadriceps strength
Separately from the above-mentioned experiment for measuring the mechanical properties of the patellar tendon, the measurement of quadriceps strength was performed. Maximum knee extension force was measured at the knee flexion angle of 90 deg using the load cell connected to the lower leg, as mentioned in §2.2. Subjects performed a maximum isometric knee extension contraction after several preliminary contractions. From the maximum knee extension force, maximum patellar tendon force (F Pmax ) was calculated by the equation described in §2.5 and was defined as the quadriceps strength.
Statistical analysis
A simple regression analysis was used to evaluate statistical correlations between the patellar tendon parameters. The significance level for these analyses was set at p = 0.05.
Results
The initial patellar tendon length was 52.8±1.5 mm (mean±S.E.). There was no significant correlation between the length and the maximum patellar tendon force. The patellar tendon moment arm length was 53.5 ± 1.4 mm (mean ± S.E.) and was not significantly correlated with the maximum patellar tendon force. Figure 4 demonstrated a typical stress-strain curve of the patellar tendon. The curve was nonlinear and had the initial toe region characterized by a low slope. After the toe region, the slope increased gradually.
The stiffness, cross-sectional area, and tangent modulus of the patellar tendons were significantly correlated with the maximum patellar tendon force ( Fig. 5, 6, and 7) . The slope of the regression line between the tangent modulus and the maximum patellar tendon force was larger than that between the cross-sectional area and the maximum patellar tendon force. 
Discussion
The present results demonstrated that the stiffness, cross-sectional area, and tangent modulus of the patellar tendons were larger in the subjects with the larger quadriceps strength. The subjects were accustomed to various exercise and training. It is apparent that the enhancement of contractile forces induced by exercise and training increases the quadriceps strength (11) (14)(15)(17)- (19) . Since the primary role of patellar tendons is the transmission of contractile forces from quadriceps to tibia, the contractile forces are directly applied to the patellar tendons. Therefore, in the subjects with the larger quadriceps strength, the forces applied to the patellar tendons during exercise and training may be larger, and the force enhancement may induce the increases in the stiffness, cross-sectional area, and tangent modulus of the patellar tendons.
The tangent modulus of human patellar tendons has been reported to be 190-660 MPa using isolated human cadaver tissues (20) - (26) . The present data for the tangent modulus of human patellar tendons in vivo were similar to those reported for isolated human patellar tendons. On the other hand, the previous data for the tangent modulus of human patellar tendons in vivo (11) (14) (18) were larger than those of the present study. Since the stress-strain curves of the patellar tendons were nonlinear, the tangent modulus increased with increasing the stress. The tangent modulus was determined at the stress of 33-77 MPa in the previous studies but at the stress of 8-17 MPa in the present study. This difference may be related to the differences in the tangent modulus between the previous and present studies.
In the present study, the differences in the cross-sectional area among the proximal, middle, and distal regions were small and less than 7.9 %. Therefore, the average of cross-sectional areas at the three regions was calculated as the representative of patellar tendon cross-sectional area. Stress was calculated by dividing the patellar tendon force by the averaged cross-sectional area according to the previous method reported by Reeves et al. (18) . On the other hand, Couppe et al. (11) and Kongsgaard et al. (14) calculated the stress by dividing the patellar tendon force by the cross-sectional area at the proximal, middle, and/or distal regions.
The patellar tendon length was defined as the distance between the distal end of patella and the tibial tuberosity in the same manner as that reported previously (11) (14) (18) . This value is the length at the central portion and may be shorter than that at the medial and lateral portions.
Overload is applied to tendons and ligaments by exercise and training, and its effects on their mechanical and morphological properties have extensively been studied in animal models (1)- (9) . For example, Cabaud et al. (1) studied the effects of frequency and duration of treadmill exercise on the tensile properties of rat anterior cruciate ligaments. High frequency and short duration exercise regimen yielded a large increase in the mechanical strength. Woo et al. (7) (8) reported that 12-month training increased the mechanical strength of the extensor tendons in swine but induced no effects on the flexor tendons. May et al. (4) and Wang et al. (6) reported that long term exercise had little or no effect on the mechanical properties of the flexor tendons and medial collateral ligaments in dogs. Some of these studies showed that exercise and training induced the positive effects on the mechanical and/or morphological properties of tendons and ligaments, while others indicated no effects. In these studies, it was not clear how much load in tendons and ligaments was increased by exercise and training. On the other hand, Yamamoto et al. (27) studied that the in vivo stress in rabbit patellar tendons was directly and quantitatively increased by the decrease of the cross-sectional area by partially removing the medial and lateral portions of the tendons. The overstressing induced no changes in the mechanical properties but increased the cross-sectional area. The results indicated that the patellar tendons had an ability of adapting to overstressing, and the magnitude of stress was an important factor with respect to the adaptation.
Kongsgaard et al. (14) determined the mechanical properties of the patellar tendons in subjects performed 12 weeks of heavy resistance knee extension training with one leg and light resistance knee extension training with the other leg. The stiffness of the patellar tendons was increased by the heavy resistance training but was unchanged by the light resistance training. These results indicate that the magnitude of loading may be an important variable with respect to tendon adaptation.
Kubo et al. (17) investigated the effects of static and dynamic training on the stiffness of human patellar tendons. Subjects performed static training (isometric knee extension exercise) on one knee and dynamic training (isotonic knee extension exercise) on the other knee. The stiffness of the patellar tendons increased significantly after static training but not for dynamic training. It is possible that the differences in the stiffness may be explained by the training mode.
In the present study, both cross-sectional area and tangent modulus of the patellar tendons increased with the quadriceps strength. On the other hand, some previous studies showed that resistance training increased the tangent modulus but did not change the cross-sectional area of patellar tendons (17) (18) . Other previous studies reported that resistance training and habitual loading yielded the increase in the cross-sectional area of patellar tendons without the change in the tangent modulus (11) (14) . These discrepancies are difficult to explain by the results of the present and previous studies. Future studies on collagen turnover and the packing density of collagen fibrils are needed.
In conclusion, the stiffness, cross-sectional area, and tangent modulus of the patellar tendons were larger in the subjects with the larger quadriceps strength.
